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Abstract
Therian mammals (marsupials and eutherians) rely on a placenta for embryo survival. All mammals have a yolk sac, but while both chorio-
allantoic and chorio-vitelline (yolk sac) placentation can occur, most marsupials only develop a yolk sac placenta. Insulin (INS) is unusual in that it
is the only gene that is imprinted exclusively in the yolk sac placenta. Marsupials, therefore, provide a unique opportunity to examine the
conservation of INS imprinting in mammalian yolk sac placentation. Marsupial INS was cloned and its imprint status in the yolk sac placenta of
the tammar wallaby, Macropus eugenii, examined. In two informative individuals of the eight that showed imprinting, INS was paternally
expressed. INS protein was restricted to the yolk sac endoderm, while insulin receptor, IR, protein was additionally expressed in the trophoblast.
INS protein increased during late gestation up to 2 days before birth, but was low the day before and on the day of birth. The conservation of
imprinted expression of insulin in the yolk sac placenta of divergent mammalian species suggests that it is of critical importance in the yolk sac
placenta. The restriction of imprinting to the yolk sac suggests that imprinting of INS evolved in the chorio-vitelline placenta independently of
other tissues in the therian ancestor of marsupials and eutherians.
© 2007 Published by Elsevier Inc.Keywords: Tammar wallaby; Chorio-vitelline placenta; Yolk sac; INS; Genomic imprinting; EvolutionIntroduction
Most eutherians form both a chorio-vitelline (yolk sac) and a
chorioallantoic placenta to support fetal development, while
most marsupials rely exclusively on a yolk sac placenta. The
marsupial yolk sac placenta consists of two regions—a
bilaminar, avascular region and a trilaminar, vascular region
(Renfree, 1973). The biochemical evidence suggests that the
bilaminar region is the site of fetal–maternal exchange of
nutrients while gases are transferred principally via the vascular
system of the trilaminar region (Renfree, 1973, 1974, 1977;
Freyer et al., 2002, 2003, 2007). The yolk sac also actively
synthesises material needed for its own maintenance and for
fetal growth. Similarly, the eutherian yolk sac is essential for
fetal–maternal exchange, haematopoiesis, and synthesises
several biologically active molecules (Livesey and Williams,⁎ Corresponding author. Fax: +61 3 9348 1719.
E-mail address: m.renfree@unimelb.edu.au (M.B. Renfree).
0012-1606/$ - see front matter © 2007 Published by Elsevier Inc.
doi:10.1016/j.ydbio.2007.07.0251981; Freeman, 1990; Jones and Jauniaux, 1995; Gulbis et al.,
1998; McGrath and Palis, 2005).
The yolk sac and the pancreas of both the human and mouse
are the only tissues that produce insulin (Muglia and Locker,
1984; Rau et al., 1989; Devaskar et al., 1993; Moore et al.,
2001). Insulin is synthesised as a preprohormone (Chan et al.,
1976; Bell et al., 1980). After the removal of a signal sequence,
the A peptide and B peptide are bonded by a bisulfide bridge,
while the C peptide is proteolytically cleaved. Most vertebrates
have a single insulin gene, INS, but rodents have a second, Ins1,
with Ins2 orthologous to INS of other vertebrates (Lomedico et
al., 2003; Soares et al., 1985; Wentworth et al., 1986). Only
Ins2 is expressed in the yolk sac and expression of the two
insulin genes is independently regulated (Deltour et al., 1993,
1995, 2004).
INS/Ins2 is one of approximately 100 genes that are
imprinted in eutherians (Morison et al., 2005). Imprinted
genes frequently cluster in highly conserved domains and are
expressed from a single parental allele. In the mouse, expression
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embryonic days 12.5 and 13.5 and by day 14.5 only the
paternally derived transcript is present (Deltour et al., 1995,
2004). In the human yolk sac, INS expression is also
monoallelic, with expression from the paternal allele (Moore
et al., 2001).
IGF2, which lies downstream of INS/Ins2, is also expressed
exclusively from the paternal allele, while the syntenic gene,
CDKN1C, is maternally expressed (DeChiara et al., 1991; Vu
and Hoffman, 1994; Hatada and Mukai, 1995; Matsuoka et al.,
1996). IGF2 is imprinted in the tammar (Suzuki et al., 2005),
but the imprint status of INS is not known, nor is its location in
the genome. Of the two marsupial orthologues of eutherian
imprinted genes from this region investigated in the tammar
one, IGF2 is paternally expressed in both the yolk sac placenta
and fetus, while CDKN1C expression appears biallelic in both
the extra-embryonic and embryonic tissues (Suzuki et al.,
2005). Seven eutherian imprinted genes, outside of the IGF2/
INS and CDKN1C domains, have been examined in marsupials
to date. IGF2R is maternally expressed and PEG1/MEST, and
PEG10 are paternally expressed respectively, while SNRPN,
UBE3A, NNAT, and DLK1 are not imprinted (Killian et al.,
2000; Evans et al., 2005; Weidman et al., 2006; Rapkins et al.,
2006; Suzuki et al., 2005, 2007). In some cases of imprinting in
marsupials, there is residual expression from the “silent” allele
and this is termed incomplete imprinting. Although incomplete
imprinting occurs at some loci in eutherians, it appears from
available data that it is more common in marsupials, at least in
the relatively few genes so far examined. The imprint status of
INS is not known for any marsupial.
In contrast to the yolk sac, both parental transcripts of INS/
Ins2 are produced in all fetal and adult insulin-expressing
tissues in the mouse and the human (Giddings et al., 1994;
Deltour et al., 1995; Moore et al., 2001). The conserved
monoallelic yolk sac expression of INS/Ins2 in the mouse and
human suggests that selection for imprinted expression in the
yolk sac placenta is independent of selection governing
expression in the fetus. Although the imprinted expression of
several genes is restricted to the chorioallantoic placenta, INS/
Ins2 is the only gene so far identified in eutherian mammals that
is imprinted exclusively in the yolk sac.
There are numerous hypotheses to explain the origin of
genomic imprinting, many of which centre on the control of
fetal development and, as the placenta is an important site for
the expression of imprinted genes, the role of the placenta in
regulating fetal growth. Many vertebrates (and even some
invertebrates) have a placenta, but as yet, genomic imprinting
has only been found in therian mammals. The parental conflict
hypothesis (Haig and Graham, 1991; Moore and Haig, 1991)
proposes that genomic imprinting evolved as a consequence of
divergent selection on parental genes controlling maternal
nutrient transfer in utero. Several complementary hypotheses
expand on the apparent importance of the placenta in the
evolution of genomic imprinting and these placental hypotheses
propose that placentation and imprinting co-evolved (Kaneko-
Ishino et al., 2003; Reik et al., 2003; Youngson et al., 2005; Ono
et al., 2006).The expression of insulin in the yolk sac placenta may have
predisposed this gene to genomic imprinting. Insulin is best
known as a regulator of carbohydrate metabolism, but also
regulates amino acid and fatty acid transport (Bonadonna et al.,
1993; Stahl et al., 2002; Chabowski et al., 2004), promotes cell
growth and survival (Hernandez et al., 2003), depresses
lipolysis and protein degradation (Lundholm et al., 1981;
Marshall and Monzon, 1989), and regulates vascularisation and
vasodilation (Chou et al., 2002; Montagnani et al., 2002;
Thadhani et al., 2004). Thus insulin has the potential to regulate
nutrient transfer and synthesis in the placenta, a function that fits
the predictions of both the conflict and placental hypotheses.
Marsupials have relatively short gestations, and deliver
highly altricial young (Tyndale-Biscoe and Renfree, 1987).
Nevertheless, the marsupial placenta is the site of maternal–
fetal exchange, and this is especially important in the last third
of pregnancy when organogenesis and rapid growth is occurring
(Renfree, 1977, 1994, 2006; Tyndale-Biscoe and Renfree,
1987). If genomic imprinting was strongly selected during the
evolution of the therian yolk sac placenta, then INS should also
be imprinted in the marsupial yolk sac. The present study
investigates the imprint status of insulin and its expression in the
bilaminar and trilaminar regions of the yolk sac placenta of the
tammar wallaby (Macropus eugenii) during the final third of its
short, 26.5-day gestation.
Materials and methods
Animals
Pregnancy was initiated in females carrying an embryo in diapause by the
removal of their pouch young (RPY) (Renfree and Tyndale-Biscoe, 1978;
Tyndale-Biscoe and Renfree, 1987). Adult females carrying fetuses in the final
third of gestation (day 19 to day 26 RPY) were euthanised either by cervical
dislocation or by an anaesthetic overdose (sodium pentobarbitone, 60 mg/ml, to
effect) and portions of the avascular and vascular yolk sacs collected as
previously described (Renfree, 1973; Tyndale-Biscoe and Renfree, 1987). All
experiments were approved by the University of Melbourne Animal Experi-
mentation Ethics Committee and the animal handling and husbandry procedures
were in accordance with the CSIRO/Australian Bureau of Agriculture/National
Health and Medical Research Council of Australia's (1990) guidelines.
Immunohistochemistry
Small pieces of uterus with placenta attached were fixed in 4% PFA
overnight and embedded in paraffin. Sections (7 μm) were mounted on
SuperFrost Plus slides (Menzel-Glaser) before dewaxing and rehydration. A
5 min wash in 0.1% Triton-X-100 for the insulin antibody (INS Ab-6,
NeoMarkers, # MS-1379-P0) and a 20 min bath at 90 °C in 0.05 M Tris for the
insulin receptor antibody (Insulin Receptor (β-subunit) Ab-06, NeoMarkers, #
MS-636-P0) preceded blocking in 10% normal goat serum/TBS/1% BSA.
Primary antibodies (INS at 0.004 g/L and IR at 0.008 g/L) were incubated
overnight at 4 °C. Two sections on each slide were incubated with a mouse IgG
antibody negative control (DAKO, # X0931), at the same concentration as the
target antibody, and a no-antibody (diluent only) negative control. Goat anti-
mouse biotinylated secondary antibody (DAKO, # E0433) was used with
ABComplex/HRP kit (DAKO, # K0355) and colour developed with DAB
Chromagen tablets (DAKO, # S3000) for 5 min. Sections were counterstained in
haematoxylin. Cross-reactivity was evaluated subjectively, with strong or
intense staining given a grade of 5, reducing to no staining (0). Sections from
each animal were treated in at least two independent immunohistochemical runs
to assess the consistency of staining. Intensity values for repeat runs were judged
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stage of pregnancy, under assessment. Repeat intensity values within 0.5 of each
other were considered reliable, and those judged as unreliable were not used in
further analyses. Sections from between four and five animals at each
developmental stage (days 19–20, 21–22, 23–24, and 25–26 RPY) were
assessed and the mean intensity value for each stage calculated.
Cloning and sequencing
Approximately 300 ng of DNase treated (DNA-free™, Ambion, # 1906) total
RNA (GenEluteMammalian Total RNAKit, Sigma, #RTN70)was used in anOligo
(dT)12–18 primed cDNA synthesis reaction (SuperScript First Strand Synthesis
System for RT-PCR, Invitrogen, # 11904-018). Approximately 5 ng of cDNAwas
used initially used with INS primers designed to conserved regions of INS/Ins2 from
human (NM_000207), cow (NM_173926), pig (AY044828), mouse (NM_008387),
and zebra fish (NM_131056). INS forward primer (5′CTGTGTGGCTCA-
CACCTGTTGG3′) and reverse primer (5′AGCTGGAGAACTACTGTAAC-
TAG3′). PCR (94 °C for 2 min, 39 cycles of 94 °C for 1 min, 55 °C for 1 min,
72 °C for 1 min) with Promega Taq polymerase B (# M1661) and accompanying
reagents at concentrations of 1.5 mM (MgCl2), 0.2 mM each (dNTPs), and 0.2 μM
each (primers) was used to amplify part of the tammar INS sequence. Sequences
were entered into a BLAST-N (NCBI) to confirm gene identity and then to identify
BAC clones of tammar genomic DNA that include insulin. Once the coding
sequence for tammar INS was available (CR925759, genomic DNA BAC clone),
primers were re-designed for analysis of imprint status.
Identifying polymorphisms
Polymorphisms were identified using RT-PCR and direct sequencing of
genomic DNA (extracted from approximately 20 mg of snap frozen tissue using
a Wizard Genomic DNA Purification Kit, Promega, # A1120). Primers
complementary to the 5′ and 3′ UTR and intronic sequence of tammar INS
(Table 1) were used in RT-PCRs with TaKaRa Ex Taq HS (# RR006A). PCR
products were resolved by agarose gel electrophoreses and bands extracted
(QIAquick Gel Extraction Kit, Qiagen, # 28704) and then directly sequenced in
both directions and assessed with Chromas or FinchTV (v. 1.3.1).
Imprint status
Two polymorphic sites were identified, a C/T and a G/A, both located in the
signal sequence of preproinsulin. All animals were confirmed as heterozygous
by direct sequencing of gDNA before examining imprint status. PrimersTable 1
Primers used to find polymorphisms and analyse imprint status in tammar INS
Primer Sequence (5′ to 3′)
Fw 5UTR CTACCCCCAGGGCTTGACATG
Rv Intron GCAGGGAGAGGACAGGAAATC
Rv 3UTR CCTGCCCTGCGCCCACCCTGT
Fw Intron CATTCCCCAGTCTCAGGTTCC
cDNA Fw CAGGGCTTGACATGGCTC
cDNA Rv CCAGCTGGTAAAGGGAACAG
gDNA Fw GGACAGGAACCTGAGACTGG
gDNA Rv CTTGACATGGCTCCCTGG
Primers that bound the 5′ and 3′ UTRs and within the intron (forward, Fw;
reverse, Rv) were used to find polymorphisms. Fw5UTR was used with
RvIntron and Rv3UTR with FwIntron to generate overlapping amplicons. UTR
Fw and Rv primers were used to amplify cDNA. Primers used for analyses of
imprint status. Primers for cDNA annealed within exons, but crossed the internal
intron. A cDNA template resulted in a 313 bp amplicon, while cDNA primers
amplified a product of 1031 bp from a gDNA template, allowing possible gDNA
contamination of cDNA template to be detected. The forward primer for gDNA
(gDNA Fw) bound within the internal intron, thus ensuring cDNA was not
amplified during PCR of a gDNA template, and resulted in an amplicon of
367 bp.flanking both polymorphisms were used to analysis imprint status (Table 1).
Three independent methods were used to assess imprint status; RFLP analysis
(T site only), SNuPE assay, and RT-PCR direct sequencing. All three methods
required an initial PCR with TaKaRa Ex Taq HS (# RR006A) at 95 °C for
2 min and 35 cycles of 30 s at 92 °C, 30 s at 65 °C for gDNA or 55 °C for
cDNA, and 1 min at 72 °C.
Restriction fragment length polymorphism (RFLP) analysis
Genomic DNA and cDNA was extracted as described above. PCR with
TaKaRA Ex Taq amplified products from both templates which were purified
(QIAquick Gel Extraction Kit) and digested over two nights at 37 °C with two
sequential doses of 50 U of AciI (New England Biolabs, # R0551L). Digested
products were resolved by gel electrophoresis and allelic expression determined.
RFLP analysis is most informative when imprinting is complete. However, the
relative intensity of upper (uncut, allele T) and lower (cut, allele C) bands can be
compared to indicate the relative expression of each allele. The intensity of each
band was quantitated using ImageJ processing and analysis software (http://
www.rsb.info.nih.gov/ij/) and the data exported into Microsoft Excel. Because
of the generation of heterodimers during PCR, RFLP analysis is biased in the
favour of the uncut allele. To account for this bias, allelic quantities for cDNA
were normalised against matched gDNA values before calculating the percent
expression of each allele.
Single nucleotide primer extension (SNuPE) analysis
SNuPE assays were used to quantitate allelic expression at both polymorphic
sites. PCR was performed as described for RFLP analysis, but after PCR gDNA
products were treated with ExoSAP-IT (GE healthcare, # US78200) and cDNA
PCR products gel extracted with TaKaRa, Recochip (# 9039). 10 ng of PCR
product was used in a SNuPE PCR (95 °C for 1 min, 60 °C for 2 min, and 72 °C
for 2 min) in the presence of either 32P labelled dCTP or dTTP with either a
primer specific for the C/T polymorphism (5′GCATTGTCCACCCCACCAG3′)
or a primer specific for the G/A polymorphic site (5′CGCTGGTGGGGTGGA-
CAA3′). SNuPE PCR products were run on a 10% polyacrylamide gel and
visualised by exposure of an imazing plate (IP) for 10 min. Results were
quantitated using ImageFinder software with FujiFilm BAS-2500 detection
machine and data exported into Microsoft Excel. Allelic quantities for cDNA
were normalised against matched gDNA, ensuring differences in the efficiency
of labelled nucleotide incorporation at each allele did not bias results (Suzuki et
al., 2005). Differences of allelic expression of 2 fold (66% of total expression) or
greater were considered as imprinted (Suzuki et al., 2005).
Direct sequencing
Direct sequencing was used to confirm allelic expression of one animal,
heterozygous at both polymorphic sites. PCR was performed as for RFLP
analysis. PCR products from cDNA and gDNA were resolved by gel
electrophoreses and bands extracted (QIAquick Gel Extraction Kit, Qiagen, #
28704). Gel-extracted bands were sequenced in both directions (using 5′UTR
and 3′UTR primers; Table 1). Sequences were assessed with Chromas and
FinchTV (v.1.3.1) DNA sequence chromatogram trace viewer software. The
relative peak height for each allele indicates biallelic (equal peak heights) or
imprinted (unequal peak heights) expression.
Results
INS and IR proteins are expressed in the yolk sac placenta
Immunolocalisation of insulin was temporally and spatially
specific (Figs. 1 and 2). Only the cytoplasm of the yolk sac
endoderm stained with insulin antibody. There was no notice-
able difference in the strength of staining in the bilaminar and
trilaminar yolk sac (Figs. 1 and 2). However, staining was
markedly stronger at days 23–24 RPY, 2 days before birth, than
Fig. 1. INS antibody (A–J) and IR antibody (K–N) immunoreactivity in the yolk sac. INS stained the bilaminar (A–E) and trilaminar (F–J) yolk sac equally. Yolk sac
endodermal cells (En) stained intensely at day 24 RPY (A, B, F, and G). Light staining occurred at earlier stages, day 22 RPY (D and I), and later stages, day 25
RPY (E and J). No staining was observed in the trophectoderm (TE) or mesenchyme (Ms). IgG negative controls for the bilaminar (C) and trilaminar (H) yolk sac at
day 24 RPYare shown. No staining occurred in antibody negative controls (not shown). IR stained the bilaminar (K, day 26 RPY) and trilaminar yolk sac (L, day 22
RPY) equally, predominantly in the nucleus of yolk sac endodermal cells. Equivalent IgG negative controls for the bilaminar (M) and trilaminar (N) yolk sac did not
stain, nor was there staining in no antibody negative controls.
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Fig. 2. Relative intensity of INS staining in the bilaminar (BYS) and trilaminar
(TYS) yolk sac during the final third of gestation. Staining in the BYS and TYS
was similar, but there was a marked increase in the intensity of staining for INS
at days 23–24 RPY in both regions compared to earlier and later stages.
321E. Ager et al. / Developmental Biology 309 (2007) 317–328in either earlier or later stages. The strongest immunoreactivity
against the insulin receptor antibody occurred in the nucleus of
yolk sac endodermal cells, although many trophoblast cells also
stained, as did some mesenchymal cells (Fig. 1). Intensity of
staining of the yolk sac endoderm for the IR protein increased
slightly from days 19 to 26 RPY.
Tammar INS is highly conserved
Initial (conserved vertebrate sequence) INS primers ampli-
fied products of the expected size (224 bp) from yolk sac
cDNA. Sequencing and BLAST-N confirmed gene identity. The
partial sequence of tammar INS had 92% nucleotide identity to
Sus scrofa (pig) preproinsulin (INS) gene (Ay242112.1) and
88% nucleotide identity to human INS gene (NM_000207.1)
(Fig. 3A).
BLAST-N also identified a tammar gDNA sequence (clone
number, MEKBa-346C2; accession number, CR925759).
Sequence alignment of the partial INS cDNAwith the genomic
clone identified a single intron/exon boundary in the protein
coding domain and provided the complete sequence for the
coding region of tammar INS. Sequence alignment of the entire
coding region shows high conservation in areas corresponding
to active insulin protein (chain A and B), while the pre-sequence
(signal peptide) and chain-C are less highly conserved (Fig. 3B).
Tammar INS (preproinsulin) had 69%, 68%, and 62%, amino
acid identity to pig (AAQ00990.1), human (NP_000198.1), and
mouse (NP_032413.1) respectively.
Human INS and rodent Ins2 have a conserved gene structure,
both contain 3 exons and 2 introns; exon 2 encodes the signal
peptide, the B chain, and part of the C peptide, while exon 3
encodes the remainder of the C peptide and the A chain. The
position of the second intron was conserved in tammar (Fig.3C). Assuming the remaining intron was highly conserved,
approximate 5′ and 3′ UTRs for the tammar insulin sequences
were inferred from sequence alignment of the UTRs of several
vertebrate species. Primers for the identification of INS
polymorphisms were designed to anneal to these 5′ and 3′
UTRs.
The sequence of the clone of tammar genomic DNA
(MEKBa-346C2) established as containing INS was searched
for tammar IGF2. Like INS, IGF2 was located in the clone
sequence, confirming synteny between INS and IGF2 in
mouse, human, and tammar. In all three species, the genomic
region upstream of INS/Ins2 contains IGF2 and both genes
were coded on the reverse strand (Harper et al., 1981; Jones et
al., 1992). In mouse and human, IGF2 and INS/Ins2 lie
approximately 24 kb apart, while in the tammar these genes are
separated by 30 kb.
Tammar INS has two polymorphic sites in the signal sequence
Although polymorphisms were predicted to occur at greater
frequency in the UTRs and C-chain, as these regions do not
contribute to the active insulin protein, the two polymorphisms
found occurred within the signal peptide sequence of pre-
proinsulin. This region directs preproinsulin to the endoplasmic
reticulum for post-translational modification, but is also cleaved
from the active insulin protein.
A polymorphism 62 bp 3′ from the protein coding start site
was non-synonymous (Ala to Val) and involved a C/T
transition. The 62 bp polymorphism altered an AciI (G^CGG)
restriction enzyme site, allowing RFLP analysis of imprint
status. A second polymorphism, 45 bp 3′ from the protein
coding start site, did not change a restriction enzyme
recognition site and involved a silent G/A transition.
Sequencing of genomic DNA from 43 fetal samples
identified seven individuals heterozygous at the C/T site and
four individuals heterozygous for the G/A polymorphism,
including one heterozygous at both sites (Table 2). Sequencing
of matched maternal genomic DNA identified two informative
maternal samples, allowing the direction of imprinted expres-
sion to be established in these cases.
INS is imprinted and paternally expressed in the yolk sac
placenta
Six individuals assessed by RFLP analysis at the C/T site had
imprinted expression of INS in the yolk sac (Fig. 4). Expression
from both alleles was detected from all individuals, although
one band was clearly more intense in all cases, indicating higher
expression of a single allele. The dominant allele accounted for
between 69% and 83% of INS expression depending on the
animal. The mean percent expression of the dominant allele
(either C or T) was 75.5%, while the median was 75.4%. Four
animals showed greater expression of allele T, while allele C
was higher in two individuals. In two cases (# 5 and 6) the
mother was homozygous, and for both, the maternal genotype
was CC. Higher expression was attributed to the paternally-
inherited allele (allele T) in the two cases (Fig. 4).
Fig. 3. Sequence alignment of mammalian INS nucleotide (A) and preproinsulin protein (B) and a comparison of INS gene structure between human and tammar (C).
The partial sequence of tammar insulin was aligned (5′–3′) using CLUSTAL (1.8) with complete INS/Ins2 sequences from human (Homo sapiens, 4557670), pig (Sus
scrofa, 21956486), and mouse (Mus musculus, 31982250). ⁎ indicates the nucleotides conserved in all four species. Primer sequences used for tammar are in blue.
Human (4557671) and mouse (6680463) preproinsulin were aligned against the full-length translated tammar INS. Colours indicate predicted protein domains based
on human and mouse sequence: signal peptide, yellow; B-chain, blue; C-chain, orange; A-chain, light blue. A- and B-chains form the active insulin protein and show
the highest sequence conservation (conserved “⁎”, conserved substitution “:”, and semi-conserved substitution “.”). Human transcript information from Ensembl (Vega
gene ID—OTTHUMG00000009558) was aligned with tammar (C). The position of the internal intron (grey box) was conserved as was the relative proportions of the
signal (yellow), B-chain (blue), and A-chain (light blue). Tammar INS is approximately 90% the length of the equivalent human sequence with much of this difference
the result of a shorter intron and C-chain (orange) in the tammar.
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from individual # 4 and to assess a second individual, # 7,
heterozygous for the C/T polymorphism (Fig. 4). In both
cases allele C had higher expression, 76% for case # 4 and
75% for case # 7. Three animals heterozygous at the G/A site,
which could not be examined by RFLP, were also assessed
(# 8, 9, and 10). In all cases both alleles were expressed,consistent with RFLP analysis, but the G allele accounted for
most of the INS expressed in the yolk sac. The mean and
median percent expression of allele G was 66.9% and
65.5%, respectively. Individuals # 9 and # 10, did not to
reach the 66% threshold for imprinted expression, but allele
G accounted for 64.5% (# 9) and 65.5% (# 10) of INS
expression.
Table 2
Summary of imprinting analysis
Individual YS placenta sample Fetal age (days) Site Dominant allele Direction of expression Method of analysis
1 YSM 26 C/T T N/A RFLP
2 YSM 24 C/T C N/A RFLP
3 YSM 21 C/T T N/A RFLP
4 TYS 18 C/T and G/A C for C/T and G
for G/A
N/A RFLP and SNuPE-C/T
Sequencing-G/A
5 TYS 21 C/T T Paternal RFLP
6 BYS 21 C/T T Paternal RFLP
7 YSM 20 C/T C N/A SNuPE
8 BYS 21 G/A G N/A SNuPE
9 BYS 21 G/A ∼G N/A SNuPE
10 TYS 26 G/A ∼G N/A SNuPE
Individual numbers correspond to those used in Figs. 4 and 5. The portion of the yolk sac used—YSM: entire yolk sac placenta; BYS: bilaminar yolk sac, TYS:
trilaminar yolk sac. The age of each fetus (days of pregnancy), the site assessed, the dominantly expressed allele, and the parental origin of the dominant allele when it
could be determined is given. N/A refers to samples for which the mother was also heterozygous and, therefore, could not be used to determine parental origin. The
method used to determine allelic expression is also given. The ∼ for individuals 9 and 10 indicates that these alleles had higher expression, but did not meet the
threshold value considered to validate imprinted gene expression.
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sites, was examined independently by RFLP, SNuPE, and direct
sequencing with consistent results (Figs. 4 and 5). In total, 10
individuals ranging from days 18 to 26 RPY and including
separate bilaminar and trilaminar regions of the yolk sac were
assessed using the two polymorphic sites and three methodol-
ogies and imprinted expression of INS was confirmed in eight
cases, with the remaining two cases showing a notable bias in
expression (Table 2).
Discussion
INS was imprinted in the yolk sac placenta of the tammar. In
the two cases where parental origin of the allele could be
determined, INS expression was established as paternally
expressed, consistent with the paternal expression of INS/Ins2
in the human and mouse yolk sac. INS protein was found in
both the avascular and vascular regions of the placenta, but was
restricted to the yolk sac endoderm. There was a marked
increase in the intensity of staining of the INS antibody 2 days
before birth. The insulin receptor, IR, was also detected in the
yolk sac, confirming that INS activity can be targeted to this
tissue. Thus INS is the first example of a gene that has imprinted
expression in the yolk sac of both marsupials and eutherians.
The A and B peptides, which constitute the active form of
insulin, show high sequence conservation between species
because of the need to conserve structure and maintain function
(Treacy et al., 1989; Yu et al., 1989). In contrast, the signal
peptide and C peptide show greater sequence divergence
between human and tammar as these regions are absent from the
final insulin protein. The gene structure is also conserved, with
identical intron–exon structure and this may reflect the need to
preserve surrounding sequence elements that regulate insulin
expression.
INS was imprinted in the yolk sac of 8 of the 10 individuals
assessed, with the remaining two cases showing biased allelic
expression. Two informative maternal samples determined that
INS was predominantly expressed from the paternal allele in
both cases. In addition to the paternal expression of INS/Ins2 inmouse and human, and the rarity of cases where imprinted
expression can switch between maternal and paternal (Blagitko
et al., 2000; Morison et al., 2005), the results presented here
strongly suggest that INS is also paternally expressed in the yolk
sac of the tammar. The residual expression from the maternal
allele, however, suggests incomplete imprinting of INS occurs
in the tammar, as in other imprinted genes in marsupials (Suzuki
et al., 2005). In the mouse, expression of Ins2 expression is
initially biallelic and becomes monoallelic towards the end of
gestation and then remains monoallelic (Deltour et al., 1995,
2004). In the tammar, the magnitude of allelic bias in INS
expression varied between individual animals, with the
dominant allele accounting for between 64.5% and 83% of
INS expression. However, the percent of INS expression
accounted for by the dominant allele did not correlate with
the day of gestation. Thus INS imprinting in the tammar does
not appear to be stage specific.
RFLP analysis indicated expression of allele C accounted
for 69% of INS expression in animal # 4, while SNuPE
analysis at the same site in the same individual recorded
expression of 76%. This small difference could reflect the
greater sensitivity of the SNuPE assay or differences in the
efficiency of amplification using either SNuPE or RFLP
primers. The lowest biases in allelic expression were detected
from the G/A polymorphic site using SNuPE analysis. The
SNuPE primer at this site may not have annealed efficiently,
resulting in low amplification which can make accurate
quantification difficult. Three additional animals analysed
showed large biases in the alleleic ratio of gDNA, indicative
of poor annealing efficiency. These three animals were
excluded from analysis, but illustrate the potential problems
of this technique at the G/A site.
Like INS, imprinting of IGF2 in the yolk sac and fetus of the
tammar is also incomplete (Suzuki et al., 2005), while IGF2
imprinting is complete in most eutherian tissues. The attainment
of complete imprinting of IGF2 and INS in eutherians
presumably reflects strong selection for imprinted expression
in this domain and could be related to the extended length of
gestation in eutherian mammals. Because maternal nutrient
Fig. 4. Expression of INS alleles in the yolk sac placenta. RFLP analysis (left box) and SNuPE analysis (right box) (A), animal 4 was assessed by both methods. All
values represent the expression of each allele at the site heterozygous for C/T (solid bars) or G/A (cross-hatched bars) and were normalised against matched gDNA
alleles. Animal identification numbers (1 to 10), day RPY, and yolk sac portion used to synthesise cDNA (bilaminar yolk sac, BYS; trilaminar yolk sac, TYS; or entire
yolk sac, YSM) are given below. The horizontal dashed line indicates the threshold for imprinted expression (66%). Allele T has higher expression in individuals 1, 3,
5, 6, and 7, while allele C is dominant in animals 2 and 4. All animals had higher expression of allele G at the G/A polymorphic site. In two cases (animal 5 and 6)
informative maternal samples were available (B). The informative – homozygous for the CC allele – maternal gNDA (Mat) is shown to the left of the matched fetal
gDNA and cDNA samples. Amplification of the maternally-inherited allele in both YS cDNA samples was less than the paternal (Pat) allele (see A). The adjacent
schematic shows the size of each allele from genomic DNA (gDNA) and cDNA PCR products from heterozygous individuals after digestion with AciI.
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lactation in the tammar, selection for imprinted expression
during gestation to support the relatively small fetus may be
insufficient to drive complete monoallelic expression of these
genes.
Although mutations in Ins2 result in fetal growth retardation
and metabolic abnormalities in the mouse, parent-of-origin
effects are not evident (Duvillie et al., 1997, 1998). Ins2
expression is biallelic in the fetus, and this may explain a lack of
parent-of-origin effects when it is mutated. An alternative
explanation is that insulin in the yolk sac is imprinted as a
consequence of a “bystander” effect (Varmuza and Mann, 1994;
Monk et al., 2006). In eutherians and marsupials, INS is located
downstream of the paternally expressed gene IGF2. It is
possible that the mechanisms regulating the imprinted expres-sion of IGF2 have spread to influence the expression of INS.
Nevertheless, the conserved expression, and imprinting, of INS
specifically in the yolk sac of marsupials and eutherians
suggests it has functional importance within this tissue.
Insulin regulates glucose availability in many tissues and
glucose is the primary substrate for fetal metabolism. INS may
promote fetal growth by increasing glucose transport through
the yolk sac, a function that fits the predictions of the parental
conflict hypothesis for a paternally-expressed gene (Haig and
Graham, 1991; Moore and Haig, 1991; Haig, 1997). Glucose
accumulates in the yolk sac fluid during late gestation in the
tammar (Renfree, 1970, 1973). However, whether this is related
to an increase in INS is not known. Expression of the insulin-
insensitive GLUT1 glucose transporter in the rodent visceral
yolk sac placenta suggests that glucose transport through this
Fig. 5. Direct sequence analysis of the INS polymorphisms. The G/A polymorphism (grey arrow) and the C/T polymorphism (cross-hatched arrow). PCR amplicons
from gDNA and cDNAwere sequenced from individual # 4. Equal peak heights from gDNA for both alleles at both polymorphic sites confirm unbiased amplification
of alleles and establish expected peak heights for biallelic expression. Peak heights for amplicons from cDNA are unequal indicating biased expression.
325E. Ager et al. / Developmental Biology 309 (2007) 317–328tissue is not regulated by insulin in rodents (Trocino et al., 1994;
Ericsson et al., 2005b). Identifying the GLUT isoform ex-
pressed in the yolk sac of the tammar would establish if glucose
transport through the marsupial placenta is also insensitive to
insulin.
Although insulin does not regulate glucose transfer through
the rodent yolk sac, this tissue is a target of insulin activity
(Cowley and Pratten, 1996) and insulin expressed in the yolk
sac is likely to have an autocrine or paracrine effect. Therefore,
parent-of-origin effects resulting from Ins2 mutation in mouse
may be confined to the yolk sac, the function of which was not
assessed in mouse knockouts of Ins2 (Duvillie et al., 1997,
1998).
The presence of INS and its receptor, IR in the tammar yolk
sac also supports it as a site of INS activity in marsupials. In the
tammar, the insulin receptor is localised in the nucleus. Nuclear
localisation of the IR has been reported in other cell types,
where it may regulate gene expression (Smith et al., 1987;
Gletsu et al., 1999). Both INS and IR protein were
predominantly found in the yolk sac endodermal cells, but
some trophoblast and mesenchymal cells also stained for the IR
and there was no obvious change in the intensity of staining for
the IR during the final third of gestation. The IR is also
important for IGF2 signalling (Pandini et al., 2003). Since IGF2
is found in trophoblast and mesenchyme cells in the yolk sac of
the tammar wallaby (E.I. Ager, unpublished results), the
presence of IR in these cell types may be due to IGF2 binding.
INS immunolocalisation was specific to the yolk sac
endoderm and staining was noticeably stronger at days 23–24
RPY than at either earlier or later stages, suggesting that INS is
active in the yolk sac during late gestation. Several biological
molecules including albumin pre-albumins, enzymes, vitamin
D-binding protein, progesterone, prostaglandin, and α-fetopro-
tein are synthesised and secreted by the eutherian and marsupial
yolk sacs (Renfree, 1973, 1974; Heap et al., 1980; Janzen et al.,1982; Murakami et al., 1987; McLeod and Cooke, 1989; Shaw
et al., 1999; Welsh et al., 2005).
Insulin stimulates synthesis of specific amino acid transport
proteins, such as the system-A amino acid transport proteins in
rat hepatocytes (Fehlmann et al., 1979), skeletal muscle
(Bonadonna et al., 1993), smooth muscle (Guidotti et al.,
1976), and pre-term placental syncytiotrophoblasts (Jansson et
al., 2002; Ericsson et al., 2005a). Amino acids are required for
the production of many proteins by the yolk sac in both
eutherians and marsupials (Gitlin and Perricelli, 1970; Renfree,
1973; King and Wilson, 1983; Shi et al., 1985; Speake and
Deans, 2004; Freyer et al., 2003, 2007). Proteins in the yolk sac
fluids increase markedly in the last third of gestation (Renfree,
1973), and the concurrent increase in INS in late gestation
suggests that insulin may support enhanced yolk sac biosynth-
esis during this time.
Insulin also promotes the transport of fatty acids by inducing
translocation of fatty acid transport proteins (FATPs) from an
intracellular compartment to the plasma membrane (Stahl et al.,
2002). FATP4 localises to the endodermal derivatives of the
rodent visceral yolk sac (Gimeno et al., 2003). INS was only
located in the endoderm in the tammar yolk sac placenta so INS
activity may be targeted to these cells. Fatty acids are essential
components of many biologically active molecules, including
prostaglandins (Elshourbagy et al., 1985). Indeed, prostaglan-
din F2α is one of many hormones that increase in the yolk sac
membrane and yolk sac fluid during the later stages of tammar
development (Shaw et al., 1999).
The human yolk sac remains an important site of
biosynthetic activity despite its short-term functional presence
(Gitlin and Perricelli, 1970; King and Wilson, 1983; Shi et al.,
1985). Insulin mediated regulation of yolk sac biosynthesis may
be a common function of the therian yolk sac and this shared
feature may explain the maintenance of its imprinting in man,
mouse and marsupial. The conserved imprinting of INS in
326 E. Ager et al. / Developmental Biology 309 (2007) 317–328marsupials and eutherians, however, strongly suggests that this
imprint was acquired at least 120–130 million years ago, before
these mammalian lineages diverged (Luo et al. 2003; Ji et al.,
2002, 2006). INS now joins three other genes, PEG1/MEST,
IGF2 and PEG10 that are imprinted in the marsupial placenta
(Suzuki et al., 2005, 2007) and supports hypotheses asserting
the importance of imprinted genes in mammalian placentation.
However, unlike previously assessed genes, INS is the first
example of placental-specific imprinted expression in marsu-
pials, confirming that, as in eutherians, imprinting in the
placenta can be independent of imprinting in other fetal tissues.
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